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Physics with “2"d Generation”
Pixel Detectors
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* First generation (developed in early 90’s):
= minimal circuitry in pixel (pre-amp, discriminator,
trigger coincidence, flip-flop)

= common threshold

= ~1 Wm technology

= full matrix (slow) read-out

» used by CERN fixed-target heavy ion experiments
(Omega3d/LHC1 chip, 50x500 [Lm? pixels) and Delphi

at LEP for forward tracking (330x330 [um? pixels)
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« Second generation (developed since the mid-90’s):

= complex circuitry in pixel (pre-amp, individually
adjustable discriminator, pulse height measurement,

read-out logic)
= (rad-hard) deep sub-micron technology

= sparse (fast) read-out
= radiation-hard sensors, electronics and infrastructure

= to be used by:
= the ATLAS and CMS collider experiments at LHC

* the BTeV B-Physics experiment at FNAL
» the ALICE heavy-ion experiment at LHC
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Need for Pixel Detectors %%%%Ig

Events at (near) future colliders are characterized by:
* high rates (~20 p-p events per bunch crossing at LHC

design luminosity)
= high particle multiplicities (up to 8000 charged particles

per unit of rapidity in heavy ion collisions at LHC)
* Pixel vertex detectors are needed because of their:
= excellent 3-D position resolution (=10 um)
= excellent 2-track resolution (=100 [um)

= good timing resolution (better than one bunch crossing)

* [ow occupancy

Pixel 2002, Carmel (Ca), Sept. 2002 Dario Barberis — Genova University/INFN



O ATLAS & CMS: tracking %'%%EE

[ il

—LJATLAS Inner Detector:
« 2/3 layers of Pixel Detectors
* 4 layers of Silicon Microstrips

e :J( qh f[ Jh { J[ | * Transition Radiation Tracker

===l | [ | (~35 points/track + TR info
=11 = for electron identification)

° CMS TraCker !I:I.III ,fm III.EI.E .’M ar,-:].4- ;.0.5 ;.-!}.EI/D.? ZJI:I.S x;:].g ;,1.{:- ,z'-H d:,u i:,‘l.E x_;_1.4 ’,,-’1'5 _JJ_,-Hﬂ

- 2/3 layers of Pixels = - , I

» 10 layers of Silicon o

Microstrips (4 Inner,

6 Outer) T
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©  ATLAS & CMS: tracking S&FL
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ERE
S b e cumenoyou ATLAS « ATLAS and CMS are THICK trackers:
< 20 — . ; .
g " F % e oR 99 » each pixel layer contributes >2% X,
b - * plus global support and cooling
" ;—ﬂ“—tr_-t::t_—_‘:i - structures and thermal/EMI screens
- * The impact parameter resolution depends
2 = 200 GeV muons strongly on:
:\ L1 | | [ | L 111 | L1 ] | L 111 1 1 H
o= @ 2 B b » radius of innermost pixel layer
i n - thickness of pixel layers
S [ ® Curentlayou ATLAS e radius and thickness of beam pipe
57200 (— * Physics TDR (1999) o
< P . _
5 | o0l Example:
PO o~ « effect of (1 cm) increase of beam pipe and
- ce™ _*:*:*‘ B-layer radius in ATLAS: now
_-*'_
PR 98
50 i (o) (d 0 ) ~10 &
i 1 GeV muons p T ‘'sin ¥
L1 11 | [ | [ | L 11 | ‘ [
° 0 0.5 1 L5 2 25
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O ATLAs & cws: vertexing BIXFL

1]
* At LHC design luminosity ~20 interactions occur per beam crossing

AN

* They are spread with 6(z) = 5.6 cm

* Need identification of the primary vertex of the hard (triggered)
interaction and reconstruction of any secondary vertices in jets

* Pixel detectors allow primary vertex reconstruction with o(z) < 50 um

C M S 200 E AT LAS

s £ 0=50.0+0.7

H—4u Primary vertex

in A — 1T

o “easy” 125 ?—
: //channel oo b
1 “difficult” _= |
i channel [
25 |
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§  ATLAS & CMS: b tagging RIXEL

|| * Several algorithms tried by *Typical performance for both
CMS and ATLAS, based on: experiments:
 impact parameter (track « average: €(u) ~ 1% for ¢(b) = 60%
counting and jet probability) for “interesting” jet p; range
» secondary vertex reconstruction (90 < py <130 GeV) and all rapidities
» decay length * best: g(u) ~ 0.2% for g(b) = 50% for
. pr ~ 100 GeV and central rapidity
g E._ =100 GeV 01 .
% 08 i o2 o * : CMS %0‘09 i— O 2 Layers —— Ineff.
4 E P a7 " u h‘A_D & 3_D E_Q‘OB f_ ] am;ers——lneff, '
0.7 y _'_“‘ - < ] A‘ — & ® 3 Loyers — Ho Ineff.
: [ s |.P. prob.: 5007 £
08 | Jir e ¥ * = &
- i Sk g(b) vs e(u)  Soos E
e = e Rt 3 -
P N 20.05  ®
ok —hi— A o C -
03 %Yﬂjj:_rfi+_4 o ’ ip2d; Oefni<0.7 ATLAS =0.04 :_> i
B | D 003 £ W
e « stz 2-D LP. oos B\
il S prob.. g(u)
01;-3 10" mistagging rate (u jets) VSpT(a”n) ‘O§|||||||||||||||||||||||||||||||||||||||
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23 ATLAS & CMS: hadronic P|XEL
T reconstruction 2002

S50

11
"« If 3-prong T events can be used in addition to 1-prong T decays, a
factor of 1.7 of signal events are gained for Higgs and Supersymmetry
 3-prong decay vertices can be reconstructed with sufficient precision:
o’ Entries 938 @ T 3-prong from H500 30 - Entries 872
i o 0. . " 938 events, mean=10.81 min i H500, eam k
wiH500 TN iees e 10 = D rom bin 0120 G : 5 -
o [ 2 3tracks 6=5.4£0.5mm B ey s S
: 6,=1.3%20.1 mm
“ 26 =62 %
. 1
30 — off
10 — .
o SHE=0 . --5. T ‘ s -0 0 10 20 30 40 e 50 - _ [ 2 25 3
Longitudinal resolution (cm) 3D reconstructed flightpath (cm Effective mass (GeV)

« MSSM: 5 Higgs bosons: h, H, A, H",H".

- At tree-level boson masses are functions of m,
(CP-odd Higgs boson) and tan(p).

* LEP: M, > 91.9 GeV and tan(f) > 2.4 (95% CL).

* M, in “few 100 GeV” range for reasonable parameters
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1, Let's take the channel gg — ttH — ttbb as example:
* Very sensitive to b-tag performance (4 b-jets)

* Needs full reconstruction of both top decays to
suppress combinatorial background

* Remaining backgrounds:
- irreducible: direct ttbb production (QCD & EW)
- reducible: ttjj and ttjb with misidentification of non-b jets

=120 GeVl

o

5
O
X
m
nr—

|ttH: Reconstructed mass form

Process c (pb) o X BR (pb) T% :
ttH(120) 0.55 0.11 ; ’
ttjj, ttjb 473 138 :
ttbb (QCD) 8.6 2.5 ;‘} 2
ttbb (EW) 0.90 0.26 i

] 50 100 150 200 250 300 | 350 460
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€ Associated Higgs production:p|XEL
o

Y the ttH channel ¥200

|
'* « Take the g(b) = 60% point on the

efficiency vs rejection curve:

1!Re|ect|on

» Get average rejection ~100 for light
quarks and ~7 for charm

» Use p; and n dependence
* Produce the bb mass spectrum:

|_Signal and background in the ttH channel |

T @ ttH(1 20)
40/ 3 tjj,ttjb
el E ttbb(QCD)
o |

25

20

3 ttob(EW)

30 fb-'

0 50 100 150 200 250 300

350 400
M _bb (GeV)

-—h
=]

: ® 1/(nominal R_j)
' : % 1/(nominal R_c)
m— |

10° :
08
b-tag efficiency

* The background is dominated by
irreducible QCD ttbb events (b-tag
performance already good enough!)
* The statistical significance is

SHB ~ 3.5 for an integrated

luminosity of 60 fb-!
(3 years at luminosity 2x10% cm-2s1)
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; MSSM: the tth channel 00
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- In the Minimal Supersymmetric = | tth with h—>bb
Standard Model, the tth (h — bb) _ N e

channel can have a “reasonable”
cross-section

SLdt = 100 fb™

» Cross-section depends on Wh with h — bb

MSSM parameters 4 W= lo
L than Standard Model ttH 1 e
- Larger al _
¢ Wie 7/

/7/7;/7 >
7
/}7//'/77/77///7//77///7/7;7///7/'//7/////'//,

(H — bb) production for most f
parameter space .|
» Significance larger than 5¢

(“discovery threshold”) over most
of parameter space for 100 fb-1 of

iIntegrated luminosity

1 III|III|/II/|//r/-{III|III|II

1 1 1 1 | 11
50 100 150 200 250 300

1 |1 I|IIII|IIII
350 400 450 500

M, (GeV)

50 discovery contour in the (my,,tanp)
plane for MSSM tth, h—bb
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@ ATLAS & CMS:

B Supersymmetry

1]
'+« Quite a few Susy final states with b’s and/or t’s

» Good b/t reconstruction allows
« full or partial reconstruction of Susy events

 determination of some sparticle masses
» Susy rates dominated (depending on Susy model) by production of

* g9

- gq

- qq

- Lightest Susy particle ()°,) is

* stable
* neutral
» weakly interacting (escapes the detector)
* gives “missing energy”

» Classical signature for Susy production:
» Excess of final states with

* missing energy ( E)
- several hard central jets arising from qq, qg, ...
Pixel 2002, Carmel (Ca), Sept. 2002 Dario Barberis — Genova University/INFN
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<8 Supersymmetry: PIXEL
"‘Eﬁ" the h — bb channel ¥2002

A
3

#+ Example: using b reconstruction in mSugra models: ° 5 SM bkgd +
* h® - b b in cascade decays 00 1 Susy bkgd +
« Decay chain: L 4~ Signal
q.— %% (~30%) 8 ol
S hye (70t0 90%) § gM b';id i
L bbb (80t090%) % | sy 218
 Analysis procedure: T
- Get clean sample of h — bb i SM bkgd
* Reconstruction of h — bb decay _
- Getm, % sl i o a0 w0 o0 0 400
- Partial reconstruction of §, — %%, q — h ¥°, q = =
« Get invariant mass of jbb system Invariant mass of bb system:
« sensitive to m~ Events with M, within *+ 25

GeV of peak:
SM bkgd < 10% of signal
Susy bkgd < 20% of signal
Fit of peak: Am,, ~ 1 GeV

Pixel 2002, Carmel (Ca), Sept. 2002 Dario Barberis — Genova University/INFN 14

* Get p; distribution of 2"d hardest jet
* sensitive to m, or my
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6} Observability of the ~ EIXEL
h — bb channel

Observability 56-contours of h — bb from SUSY cascade:

-

[N

- tanB=2, sgnu=+1, A,=0
E = =z o' | Areas for S/\B > 5 / : JLot=30 fo™
B === 3001h" QR >
I s S \
600 ////7 95,
] 1000
10 L2

Contours of f ,//,

expected # o
signal events 0

1500 2000
m, (GeV)

0

1 %

g [Ldt=300 b’
1 | | | \.:\I
=
0 1000 2000 3000 £
m, (GeV)

50 discovery contours of h — bb
from SUSY cascade in the
(my,tanp) plane

BR()'C"OZ S h iOl) =05 ) 500 1000 1500 2000
< : my, (GeV)
(opening of the channel) =~ BRI 05
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& B Physics: Goals %%%%lé
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I Measure:

« CP violation in B decays

* B, mixing

* rare B decay rates

* Look for “forbidden” decays
* Measure precisely Standard Model parameters

e Test for inconsistencies of the Standard Model

« Search for Physics beyond the Standard Model

Pixel 2002, Carmel (Ca), Sept. 2002 Dario Barberis — Genova University/INFN



PIXEL

O B Physics: BTev ~ BIXEL

Cerenkov

Ring Imaging Toroids
ol ol - 30 pixel detector stations

 Level-1 pixel track trigger:
» track reconstruction
* primary vertex reconstr.
« displaced track selection
D won * Particle identification:
\ Chamber . . .
* RICH (liquid+gas radiators)

W—"
: I e aoimam . * Photon detection:

Calorimeter
* PbWO, calorimeter

 CM energy: 2 TeV
_ .  Muon measurements:
« Luminosity: 2 1032 cm-2s- . .
e toroids, proportional tubes,

* Integ. lumin.: 2 fb-'/year trigger

Dario Barberis — Genova University/INFN

Pixel Detectors
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0 B Physics: BTev ~ EIXEL

1
'* « Precision measurements of CKM parameters:
* o(sin(2B)) ~ 0.017 after 1 year using B® — Jhy KO

3}

. mﬂﬁ[

* sign(B) determined using B® — J/y K, KO — /v
« Asymmetry of B® — n*n~ measured to £0.030 in 1 year

* Penguin contribution determined by Dalitz plot analysis of
B® — pn — ' n?, sensitive to both sin(20) and cos(2a):

(o) <4°in 2 years
* 6(y) ~ 4-8°in 1 year using B, — D,*K~, B~ — DK,
B- - K, B -» Kfn, B® - n'n~ and B, —» KK~

* () ~ 0.024 in 1 year (but expect y ~ 0.03 !!) using
B> Jlyn - (f~yyand B, > Jyn' — [ ply

18
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> B Physics: BTev ~ HIXE

i

I
e Consistency checks of the Standard Model:

7o

- is it true that o + 3 + y = 180°?
* check of y: sin(y) = AZSIh(B)Sln(Y)
sin(3+7)
* measure Am, and compare with Standard Model

global fit (~17 ps)
* New Physics can also produce high(er) rates of flavour-
changing neutral current decays:
*lookatB —» K (*/[~and B — K* [/~ decays
(Dalitz plots and /*/~ mass spectrum)

Dario Barberis — Genova University/INFN
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& B Physics: ATLAS & CMS S5

. ATLAS and CMS are well equipped for broad B-Physics programme

i
1.4

« Beauty trigger strategies will be adapted according to luminosity
conditions: di-lepton L1 triggers at higher luminosities, single-lepton at
lower luminosities, followed by track reconstruction

* In CP violation the main emphasis will be on underlying mechanisms
and evidence of new physics. ATLAS and CMS can measure (in 1 year

at low luminosity) sin(23) with precision similar to BTeV

* Sensitivity to Am, goes far beyond SM expectations. All parameters of
the decay B, — J/y ¢ can be measured with 1% precision (12% for AI'})

* Rare decays B — uu can be measured also at nominal LHC luminosity
(1034 cm2s-1). Will also measure branching ratio of B, — yu which is in
SM of order 10-°. Precision measurements will be done for B — K*uu.

« Beauty production and correlations at central LHC collisions can be

measured for QCD tests

20
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&  BPhysics: ATLAS & cms BIXE

& 0 + -
Rare decays: B’ > 1" u'X
BOy—K” -, BO—poutu, BO—oOu
BR(B®y—p U )/BR(B—K"uun)=ky |Vig/Vis|?
Could be determined to ~15% after 30 fb-'

mﬁg

e 400 100 B
5 N | E - BY,—»K™'utu-
> B B0, S K*0u+u- w - § TR B —po%tu-
= N d P w 80 —reflection R
9300 — =
g - Br 1.5-10° g Br 107
= n E 6o
= =
S I 2000 events — 220 events
B 40
B 20 —
0 I O R e i i 0 | g ebaa i s El e B B

4 4.5 5 5.5 6 6.5 7 45 5 55 6 8.5 7
Effective Mass, GeV Effective Mass, GeV

f.Y
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o B Physics: b production P|XE|

L3

?ﬁ: cross-section ¥2002

A

31 Bjorken-x region: one
o] of B’s in detector Common part of phase
volume: BTeV and space: opportunity for
“; B, GeV LHCb most sensitive to normalization Chec.:ks In
“] knowledge of structure Beauty cross-section
51 CDF/DO functions at very low x measurements
e 5 27T BT T 0
log, gx,
o o i E =
g g | & C B
) 1 E 0% = =szza
" E =
-3 .3— T 4 4 @ @9
Sl = i
1 racs MRS RORN OO o .
-‘Ji ° 1 1 I L1 1 I 11 1 I 11 1 I 1 L1
E ] -2 o 2 i =
B e S e R S R etaof B-had
log, X, log, X,
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&  Heavy lon Physics: ALICE BIXEL

|1 : :
i Inner Tracking System agy L_CSolro)resolution |
£
S50
Silicon Strip Detector (2 layers) 2 \

200 \
150

\ _ 60 um @ 1 GeV
100 i \‘.\ s / R . .
] \ <
50—
2 ‘.\\‘0..,_“_
T———o
10 1 10
p; [GeV/c]
| pyresolution |
<35
g3 / 1% @ 1 GeV
& /
o1 RSTRTIS S S F W .

NN

15 /
Silicon Drift Detector (2 layers) SRS

\
Silicon Pixel DeteCtOI' (2 layeI'S) 0'55 SR NN S T 00 1 1 Y
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&  Heavy lon Physics: ALICE Bl

¢ open ¢, b production: natural normalization for
quarkonia (J/y, Y) production

¢ B mesons source of non-prompt J/y
¢ sensitive to conditions of initial reaction phase

m structure functions

= “thermal” charm?
¢ but parton energy loss in deconfined matter alters
momentum spectrum

¢ window on hard processes

Pixel 2002, Carmel (Ca), Sept. 2002 Dario Barberis — Genova University/INFN
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& Heavy lon

secondary veries

primary verbes

-]
=]
[=]
[=)

6000

Events/ 2 MeV
2 B &

4000

. £ & E E

2000

186 1.8 1.9 1.92 1.94 1.96
Invariant Mass [GeV]

Physics: ALICE HJ2F5

« Exclusive charm hadronic
decays: full reconstruction of
decay topology

* |dentification strategy:

® combinatorial association
(initial S/B ~ 10)

= selection on high transverse
impact parameter track pairs

= collinearity of D momentum
vector with primary vertex

~° DO signal after 15 days of

078 18 182184186188 1.0 192104196 data taking: significance ~ 35

Invariant Mass [GeV]
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P Heavy lon Physics: ALICE A
e
o : >1 Gll'lln
IR \ ‘ Semileptonic decays: selection on
E i impact parameter of electrons (TRD)
" 5 | Semileptonic
s | \ charm vyield for
10 E ! r =~ pt>0.25 Gev/c p_l_ > 1 Gev and
18 S | dy>100 um:
" 0 200 400 GO0 B0O .I‘1ooo T~ S/(S+B) =0.5
—~ 400 — 3 T S~ 1.5%
E_ L ll\ rﬂ)prnjection d0 lower cu t (pm)
E’ 300 | | ¥ projection Semileptonic g
- L @ beauty yield for 3 \\
\ a 10 F e pt>0.25 GeV /g
g- 200 Hﬁ‘k ST > ?O((B)ev and -é b s
g > um: 2 B i
.E \‘\ S(;(S B) o ) \p{)fz Gev/c
100 ~— +R) =
- — | pt>3 GevV/c
T~ |  S$~2% )
F 30 -1 ---1 - 1“;0 ) Barberis — Genova University/IN} b 0 o0 200 soo  aoo oo

d0 lower cut (Jtm)



kst ggﬁf;r

Fotios

W

Conclusions and Outlook

11
'* > Pixel vertex detectors are essential for the forthcoming
generation of experiments, for the reconstruction of:

v’ primary interaction points (separation of multiple interactions)

v' b and 1 decay vertices (QCD, Higgs and SUSY Physics)
v tracks in high-density environments (high luminosity or heavy

ions)
» Performance adequate for the time being, but main limitations to

physics performance are due to:
v' material effects (hadronic interactions, photon conversions)

v'data rate and dead time at high luminosity (data loss)
v yield and efficiency? radiation damage?

> ldeas for R&D for 39 generation detectors already around!
27
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